The melting of paraffin in thermal storage tube-and-shell and combine-and-shell models was conducted with the numerical research aim of decreasing the charge time through changing the shape of the tube into combining form. The results discussed are temperature contour, liquid-solid interface contour, temperature distribution, liquid fraction, and the average Nusselt number. The results show that the charge time in the tube-and-shell model is 2000 s, while the combine-and-shell model is 1200 s, meaning an overall decrease in charge time in the combine-and-shell model by 40% when compared to that of the tube-and-shell model.
Introduction
Latent heat energy storage system using Phase Change Material (PCM) is of interest to researchers because of its many advantages, its high storage capacity being among them. However, the main drawback regarding the use of PCM is its low thermal conductivity, which causes a longer heat transfer from the heat source to the PCM and ultimately affects the total time to store energy. On the other hand, one important parameter of thermal storage is charge time, that is, the time required to store thermal energy to the Phase Change Material (PCM) during the melting process.
A lot of research was conducted to decrease the charge time, adding a wire matrix on the tube [1] , adding fins on the vertical wall [2] , adding fins to the rectangle [3] , using composite heat sinks [4] , using two Phase Change Materials [5] , inserting heat pipes [6] , adding nanoparticles to the PCM [7, 8] , using encapsulated PCM [9] , inserting matrix metal into the PCM [10] , using two elliptical cylinders [11] , and using porous media [12] being among them.
Experimental research on thermal storage of the tubeand-shell type to decrease the charge time was conducted by increasing the surface area of the hot wall; Rathod and Banerjee [13] conducted research using longitudinal fins, in which the results show a decrease in the melting time by as much as 12.5% and 24.52% at the fluid inlet temperature of 80 ∘ C and 85 ∘ C. Hamdani et al. [14] conducted research using longitudinal and radial finned tubes; the results show that the use of longitudinal fins requires half the time to reach the melting temperature compared to the case of using radial fins. Castell et al. [15] conducted research using vertical fins on the outside of the tube; the results show a change in the coefficient of heat transfer when using external fins as a result of the increased heat transfer surface. Choi and Kim [16] compared the use of finned circular tube to a tube without fins and conveyed that the heat transfer from the tube to the PCM was influenced by the natural convection of the melting PCM, especially in the tube system without fins. Zhang and Faghri [17] conducted research using a finned tube on the inside and the results show that the addition of fins on the inside is an efficient way to increase the heat transfer when the heat carrier fluid has a low thermal conductivity.
2D numerical research in order to decrease the charge time has also been conducted by changing the position and shape of the hot wall. Like the work performed by Arasu and Mujumdar [18] in which they compared the phenomenon of phase change on a square grid with the heater being on vertical wall as opposed to it being on the horizontal wall, the results show that the melting time with a vertical wall heater was faster because there was an increase in natural convection. Kousksou et al. [19] compared the melting process in the rectangular cavity to the wavy wall at the bottom and the results show that the increase in the value of the amplitude of the bumpy surface causes an increase in the melting rate. Ebrahimi and Dadvand [20] compared the melting process in the square cavity with two pairs of heat source-sinks on a vertical wall, by comparing four types of cases which differed based on configuration; it was obtained that case II (each wall vertically mounted pair of heat sources/sinks with opposite positions) has the highest liquid fraction. Mostafavinia et al. [21] also compared four kinds of cases with different positions of two heat sources-sink pairs and the results show that case 1 (two heat sources placed in the bottom wall and two sinks in the wall above) has the highest liquid fraction.
From the research that was conducted, it can be concluded that in order to decrease the charge time in a thermal storage of the tube-and-shell type, one can achieve this through adding fins. By adding a fin, this means increasing the surface area of the hot wall, which has an impact on the increase of heat transfer from the hot wall to the PCM resulting in a reduced charge time.
The purpose of this numerical study is to decrease the charge time without increasing the surface area of the hot wall. This is achieved by changing the shape of the tube-andshell model to the combine-and-shell form. The results of this research are presented in the form of temperature contour, liquid-solid interface contour, temperature distribution, liquid fraction, and the Nusselt number.
Physical Model
The model of this numerical study is shown in Figure 1 . The hot wall on the tube-and-shell model shaped tube has a surface area of 2975.4 mm 2 . With the hot wall in the combineand-shell model shaped tube at the top and cone at the bottom, the surface area of the tube is 822 mm 2 , and the surface area of the cone is 2153.8 mm 2 . Experimental setup for validation is shown in Figure 2 . The test module is tube-and-shell, the tube is made of copper and the shell made of acrylic. The thickness of tube is 0.5 mm and shell is 3 mm. The position of the test module is vertical. 2 thermocouples were placed at the inlet and outlet of test module ( in , out ). 3 thermocouples (A, B, and C) were embedded into the paraffin to measure temperature distribution during the melting process.
Computational Methodology
Numerical research was conducted using ANSYS FLUENT software which uses a Geometry subprogram to build the model; in addition to that, a mesh subprogram was used for meshing and giving the necessary boundaries to the unit; meshing of the numerical model was generated by a fine structured mesh with element size of 1.030 mm.
FLUENT was used for problem solving. In the solution setup using the solidification and melting model together, automatically the energy equation is activated by the system.
As a result of density, thermal conductivity and viscosity of paraffin depend on the temperature and the User Defined Functions (UDF) are used to determine the properties of paraffin, while the other properties are provided in the form of constants.
The initial condition of paraffin was at a temperature of 300 K where the hot wall was considered as the boundary condition being at a constant temperature of 343 K, and the remaining portions of the walls were made adiabatic.
In the solution methods, the SIMPLE scheme is used with PRESTO being used for pressure. Momentum and energy used are first-order upwind. The underrelaxation factors in which the solution control is used are pressure = 0.3, density = 1, momentum = 0.7, and energy = 1. The Absolute Convergence criteria for the continuity are set to 10 −3 , and those for the energy are set to 10 −7 . The time step for integrating the temporal derivatives is set to 0.1 s During the solution run, temperatures were monitored at points A, B, and C located according to the model used and the average Nusselt number monitored on the hot wall with liquid fraction of paraffin being monitored and data stored every 10 s.
This numerical analysis uses the assumptions as follows:
(i) Paraffin density and viscosity depend on the temperature.
(ii) Paraffin thermal conductivity depends on the phase.
(iii) Liquid paraffin flow was laminar.
(iv) The liquid paraffin was Newtonian.
(v) Change in volume when melting was neglected.
(vi) Solid paraffin remains in place during the melting process.
Thermophysical Properties
The paraffin properties used in the numerical analysis are presented in Table 1 .
Validation of Numerical Model
Before being used for numerical analysis, the model is tested against the dependence of the grid size. Tests were conducted on four mesh sizes at the tube-and-shell model, namely, 30840, 51185, 71282, and 91789. Result in the form of temperature distribution comparison is presented in Figure 3 . An increasing number of elements from 30840 to 71282 resulted in a significant graphical difference, but the increase from 71282 into 91789 generated the same graph. With these considerations, use the 77043 elements for the tube-and-shell model and the 76825 elements for the combine-and-shell model. There were 2 slope changes in the graph; the first occurred in the liquidus temperature and the second occurred in the solidus temperature. Between these two limits is the mushy zone. The first slope change was caused by the paraffin phase change from solid to mushy and the second slope change was due to the paraffin phase change from mushy to liquid. Validation was conducted by comparing the temperature distribution at the tube-and-shell model between the numerical approach and experimental one. The results are shown in Figure 4 . At the beginning of the process it is shown that the temperature of the experimental results is greater than the numeric results; this is caused by environmental temperature at the time of the experiment being 28 ∘ C. At the next time, the temperature of paraffin in the experimental results is lower than the numerical results; it is because to reduce the heat transfer from the shell wall towards the environment at the experimental study an insulator was used, while in the numerical study the shell is adiabatic.
Temperature differences occurred between numeric study and experiment. The calculation of error in each data set yielded an average error of 9.04%. A good agreement was overall between the numerical approach and experimental one. Thus, the next discussion uses the data of numerical analysis. 
Results and Discussions
Figure 5(a) shows the temperature contours of paraffin during the melting process in the tube-and-shell model. Conduction from the hot wall to the solid paraffin occurs at the early stage of the process (at = 0 s to = 50 s), causing a temperature difference in a horizontal direction, which is evident by the temperature contour lines being parallel to the hot wall. The melting process occurs at a subsequent time, and due to the density difference of liquid paraffin it will move upwards and gather at the top region of the shell. At = 250 s the accumulation of liquid paraffin at the top region of the shell begins to occur, which is marked by temperature contour line changes in the top region. Consecutively as time increases, the amount of liquid paraffin in the top region of the shell increases and continues to do so until all the paraffin melts. process of paraffin close to the hot wall occurs after the temperature of paraffin reaches the temperature of melting. A thin layer of liquid is formed between the hot wall and solid paraffin with the liquid paraffin near the hot wall moving upward due to difference in density. At = 100 s the accumulation of liquid paraffin in the top region of the shell begins to occur. In the solid-liquid interface heat transfer of liquid paraffin to solid paraffin occurs. When the temperature of liquid paraffin decreases the density also decreases and liquid paraffin moves down. The up and down movement of liquid paraffin form the internal convection flow where heat transfer is dominated by convection. Overall, the heat transfer from the hot wall to the solid paraffin depends on two mechanisms:
(1) natural convection from the hot wall to the liquid paraffin and from the liquid paraffin to the solid paraffin; (2) conduction in the solid paraffin. With continuous increase of liquid paraffin, the liquid-solid interface moves faster, and natural convection becomes greater. Liquid paraffin gathered in the top region of the shell results from higher temperatures in the top region in which the melting process occurs faster. Subsequently melting occurs in the paraffin at the lower region, and finally melting occurs in the paraffin in the bottom region of the shell until all paraffin melts at = 2000 s. Figure 6 (a) shows the temperature contours of paraffin during the melting process in the combine-and-shell model. Due to the surface area of hot wall in the bottom region being larger, the transfer of heat from the hot wall to the paraffin is also higher in the bottom region. At = 50 s to = 100 s, it is evident that the temperature of the paraffin close to the cone surface is higher than the temperature of the paraffin that is close to the tube. At the subsequent time ( = 250 s), the accumulation of high temperature paraffin in the top region of the shell starts to occur as a result of liquid paraffin movement caused by natural convection flow. Besides an increase in temperature in the top region, there is also an increase in temperature in the bottom region though not as high as it is in the top region. Figure 6 (b) shows the solid-liquid interface contour during the melting process in the combine-and-shell model. The paraffin melting process begins at the bottom region of the shell due to the influence of the cone shape that causes faster heat transfer at the bottom region, which is observed at = 50 s to = 100 s. Accumulation of liquid paraffin starts to occur at the top region at = 250 s as a result of the flow of paraffin liquid due to a difference in density, although the melting process at the bottom region is faster, as a result of the influence of convection flow, resulting in melting in the top region also occurring quickly. This means that the melting process in the middle region of the shell is slower, evident at = 1000 s; solid paraffin can still be seen in the middle region of the shell. The melting process continues and finishes at = 1250 s. Figure 7 shows a comparison of paraffin temperature between the tube-and-shell and combine-and-shell models. Temperature at A, B, and C goes up simultaneously at the beginning of the process in the tube-and-shell model. The increase in temperature is due to the distance of the three locations facing the hot wall being the same. Furthermore, the heat transfer that occurs is conduction. In addition to that, the temperature at A rises first then followed by temperatures B and C consecutively. At temperature of 326.7
∘ K the melting occurs so that the temperature graph becomes horizontal. Melting process occurs the first time in A followed by B and C, respectively. After melting is finished, the paraffin temperatures at A, B, and C all rise again until reaching the same temperature of the hot wall.
In the combine-and-shell model, the increase in temperature is significantly different where the temperature at C rises more rapidly than in the others. The increase in temperature at C is due to the distance being close to the hot wall. Conduction heat transfer plays an important role at the beginning of the process. On the other hand, the A and B temperatures rise almost simultaneously with the temperature at B being slightly higher than the temperature at A, but the melting temperature is achieved first by A; this occurs as a result of natural convection that starts to take on an important role in the subsequent process. Thus, the temperature at A rises first, followed by B and C, respectively. The comparison between the numerical paraffin temperature and experiment result shows a similar trend although the experiment result was smaller. Figure 8 shows a liquid fraction comparison between the tube-and-shell and combine-and-shell models. Liquid fraction is the ratio of the amount of liquid paraffin to the total amount (liquid + solid). If the value is equal to 0, it means that all paraffin is solid and if a value of 1 is obtained, it means all paraffin has changed to liquid. Therefore liquid fraction is used as a parameter to determine the time of paraffin fusion in the latent heat energy storage. From the image it can be seen that the liquid fraction in the combine-and-shell model reaches a value equal to 1 earlier than the tube-and-shell model. Based on numerical data results, the time required to reach a value equal to 1 in the combine-and-shell model is 1200 s and 2000 s in the tube-and-shell model, respectively, meaning the charge time in combine-and-shell model occurs 40% faster.
The Nusselt number in Figure 9 illustrates the stages of heat transfer that occurs in both models. Heat transfer in the early stages is conduction, where the value dropped quickly. The next stage starts with the melting of the paraffin, but the liquid paraffin is still motionless; the heat transfer changes from conduction to convection (transition). Along with the increase in liquid paraffin, the liquid begins to move due to differences in density and strong convection heat transfer begins to dominate and ends with vanishing convection until entirely changing into liquid paraffin.
The occurrence of strong convection in the tube-andshell model began at 70 s and ended at 700 s, with regard to the liquid-solid interface in Figure 3 
Conclusion
The paraffin melting process in the thermal storage of the tube-and-shell model and the combine-and-shell model has been carried out. The results can be summarized as follows.
Temperature contour differences occurred. In the tubeand-shell model, increase in temperature in the top region of the shell was faster than the bottom region, while in the combine-and-shell model an increase in temperature occurred at the top region of the shell and the relative bottom region of the shell simultaneously.
Based on the liquid-solid interface contour, it was shown that melting in the tube-and-shell model started at the top region of the shell and ended up at the bottom region, whereas in the combine-and-shell model melting started at the top region and the bottom region of the shell and ended up at the middle region of the shell.
The distribution of temperature in both models shows a significant difference. In the tube-and-shell model, the temperature increase was uniform at the measured locations, whereas in the combine-and-shell model, overlapping temperature increases occurred.
Charge time in the tube-and-shell model took 2000 s, while the combine-and-shell model took 1200 s. An increase in charge time occurred in the combine-and-shell model by 40% when compared to the tube-and-shell model.
Strong convection in the combine-and-shell model occurred longer than in the tube-and-shell model.
